Introduction
Tungsten is one of the main candidate plasma-facing materials to be used in future fusion reactors. Exposure of tungsten to a high ion flux plasma of hydrogen isotopes under conditions comparable to those at the plasmawall boundary in a fusion reactor leads to a significant plasma-induced modification [1] [2] , resulting in the enhancement of plasma-driven hydrogen isotope uptake [3] . Thus understanding the dynamics of plasma-induced material modification is important from the point of view of tritium retention in plasma-facing components, which is an important issue with regard to safety and operation of a fusion device [4] .
Plasma-induced surface modification manifests itself in the formation of macroscopic sub-surface cavities, associated with surface blistering [5] . It is often reported that blistering process is non-uniform -micrographs of the plasma-exposed surfaces reveal regions of intense blistering directly neighbouring blister-free regions [6] . Orientation imaging using electron backscatter diffraction (EBSD) revealed that these regions correspond to different grains and are separated by high-angle grain boundaries [7] . This non-uniformity might be correlated with differences in local grain-specific mechanical properties. Plasma-induced material modification may also change the local mechanical properties. The plasma effects are usually confined to the near-surface region extending at most to several microns in depth [8] .
These considerations provided the motivation for the work presented here. Micromechanical testing methods allow grain specific measurements of mechanical properties [9] , and at the same time enable measuring the depth dependence of mechanical properties in the relevant depth range [10] . Therefore we used a combination of Electron Backscatter Diffraction (EBSD), nanoindentation and surface profilometry in order to study the correlation between measured values of hardness and local crystallographic structure. EBSD was used to identify and characterize grains in the investigated polycrystalline material; nanoindentation was used to measure grain-specific hardness, profilometry was used to measure near-indent pile-up. Measurements were performed on pristine commercial material, and on material that had been exposed to fusion-relevant high-flux deuterium plasma, so that changes induced by such an exposure could be studied.
Experiment
The tungsten used in the study was procured from Goodfellow Metals (UK), as 99.95% pure material (main impurities being Mo, Pb, Si, all below 160 appm) in the form of a rod, 20 mm in diameter. Samples were produced by cutting 1mm thick slices from the rod with a diamond saw. Samples were mechanically ground with SiC abrasive paper down to 2500 grit, then mechanically polished with 3 and 1 µm diamond suspension on NLH polishing cloths, and then electrochemically polished in 0.5 weight % NaOH water solution at 12 V. Finally, samples were heat-treated in vacuum (~10 -5 mbar), being kept at 1700 K for 20 hours. Following heat treatment, the mean grain size, as determined by EBSD, was~ 200 µm. Fig. 1 shows forward-scattered electron images of the post -annealing microstructure. Intragranular contrast differences in this image are indicative of the amount of internal substructure within the grains, so that featureless areas represent fully recrystallized grains; other grains still have internal strains after the heat treatment. This is similar to microstructures obtained at the same annealing temperature reported in [11] , but in contrast to results from the annealing of ultra-high purity tungsten in [12] which showed full recrystallization and substantial grain growth after annealing at 1700K for 24 hours.
Fig. 1
Hardness measurements were performed in an Agilent MTS XP nanoindenter, using a diamond Berkovich tip calibrated on fused silica, using the continuous stiffness measurement (CSM) method. Depth-dependent values of hardness were extracted from load-displacement curves of individual indents using the Oliver-Pharr method [13] .
Profilometry measurements were done using an Agilent G200 nanoindenter equipped with nanopositioning stage, which allows for the creation of quantitative 3D surface maps [14] by imaging the surface with the indenter tip.
In order to study the relationship between measured hardness data and local crystallographic structure, electron backscatter diffraction (EBSD) was performed with a Zeiss EVO electron microscope equipped with Brucker Quantax EBSD detector. Grains are identified in post processing as areas which are bounded by a continuous boundary with a misorientation of more than 15°.
Plasma exposures were performed in the linear plasma generator Pilot-PSI (FOM Institute DIFFER, Nieuwegein, the Netherlands) [15] [16] . In this device the plasma is generated by a cascaded arc discharge. Electron temperature and density profiles (and therefore also particle and heat flux profiles) within the plasma beam are roughly Gaussian with a FWHM of ~1 cm. During the plasma exposure, the sample is fixed to a copper cooling plate by a clamping ring with internal diameter of 16 mm; the surface temperature of the sample is controlled by the balance between incoming heat flux and rate of heat removal by water cooling. Good thermal contact between a sample a cooling plate and is provided by a soft grafoil interlayer. Sample temperature returns to room temperature in ~2 s after plasma is stopped. The ion flux arriving at the surface of the specimen is calculated from the electron temperature and density measured by Thomson scattering, and the surface temperature of each specimen is monitored by an IR camera FLIR SC7500MB, with the typical accuracy of ±15º.
Pilot-PSI operates in a pulsed regime, which means that in order to accumulate high ion fluences it is necessary to perform several sequential exposures. Each of these exposures (referred to in the following as "reference shots") /shot, maximum surface temperature of ~450 K in the low-temperature regime and~650 K in the high-temperature regime, and ion energy (determined by the sample bias voltage) of 50 eV.
Results and discussion

Nanoindentation on heat-treated tungsten
In order to characterize the changes in the state of the material's surface as a result of plasma exposure, measurements on "reference" samples, were performed first. These samples were not exposed to the plasma but underwent the same thermal history as the exposed ones. Fig. 2a shows the hardness of the reference material, measured for multiple indents, in the locations with local normal orientations close (within ~10°) to <111>, <101> and <001> axes. The values of hardness shown are averaged over the indenter depth range 1000 -1800 nm. This depth range was chosen to be outside of the range of significant size effects [17] , so as to characterize true bulk value of hardness. There is no dependence on hardness as a function of grain orientation. This is consistent with the reported results of similar measurements [18] [19] . However the hardness data are split into two distinct groups, one centered around 5.5 GPa (denoted by filled black symbols) and another centered around ~4.3 GPa (hollow red symbols). Using EBSD it is possible to represent orientation data as a misorientation map. In this mode, an average orientation of each grain is determined, and each individual pixel is assigned a value, represented by a color code, of the misorientation angle between the local orientation and the average orientation of the grain. Fig. 3b presents the misorientation map for the same area as shown in Fig 3a; it is evident that the regions with low and high values of hardness correspond to the regions with low and high values of internal misorientation.
Fig. 3
In order to quantify this behavior, we define a parameter we call "misorientation factor" as the value of the misorientation angle averaged over all the indexed locations within a given area. For the indentations, the misorientation factor is calculated as the average value of the misorientation angle of all indexed locations in a rectangular area of 15 µm by 15 µm with the indent in the centre, for example as indicated by the rectangle in Fig.  3b . Fig. 2b shows hardness as a function of the local misorientation factor. There is a clear trend. Indents located in grains, or parts of grains, with low internal misorientation give values of hardness around ~4.4 GPa, while those in areas with a high misorientation factor have hardness close to ~5.5 GPa. The transition from low-hardness behavior to high-hardness behavior occurs at a misorientation factor value of ~1°, over a very narrow range of values. Within the region of high misorientation and high hardness, even though the values of misorientation factor varies widely, there is no correlation between hardness and misorientation factor. As noted above, the degree of internal misorientation indicates the annealing state of the grain. Recrystallized grains correspond to low misorientation factor and deformed ones to high, and thus recrystallized grains have low hardness and deformed grains have high hardness.
Pile-up around the indents was studied using the profilometry technique. Small, 400 nm deep, indents were used for this study. The influence of grain orientation and deformation state of the grain on pile-up dynamics was investigated, comparing the pile-up around indents in deformed and recrystallized grains with surface normal orientations close to <111>, <101> and <001>. Fig. 4a presents the typical profiles of indents in deformed grains in the reference sample. There is a strong orientation dependence of the height of the pile-up. Grains with surface normal close to <111> feature the smallest amount of pile-up -400 nm deep indents create pile-up of~40 nm height, while those in grains with <001> orientation yield the strongest pile-up -up to ~80 nm in height from indents of the same depth. Indents in grains with <101> orientation fall in between with ~60 nm of pile-up height. This is consistent with the data presented in [20] , where similar correlation between surface normal orientation and height of pile-up was observed in spherical microindentation measurements on single crystal tungsten. However, pile-up heights are lower than around indents in deformed grains. For an indent depth of 400 nm, pileup height in grains with <111> and <101> surface normals is ~20nm, while in <001> grain it is ~40 nm.
Nanoindentation on plasma-exposed tungsten
Similar nanoindentation measurements were performed on plasma-exposed samples. In order to characterize the material modification induced by the plasma exposure, depth dependences of hardness measured on the exposed samples were analyzed. Since it was established that in the reference material deformed and recrystallized grains feature significantly different values of hardness, data from the two different grain types were considered separately. Fig. 5 presents depth dependence of hardness for reference and exposed samples, measured on deformed grains. These depth dependences were calculated each by averaging curves yielded by 16 indentations. Comparison of data taken from different indentations placed on different grains show significant scatter, thus error bars are rather large. Nevertheless, it is evident that plasma exposure leads to a noticeable increase of hardness. ), similar values of hardness were found within the first ~250 nm from the surface. (2) Increase of exposure fluence leads to the expansion of the affected zone. As indentation depth increases, the hardness difference between the sample exposed to 1 shot and the reference sample becomes smaller, and at the depth of ~2000 nm their values of hardness become identical. However, the sample exposed to 20 shots features increased hardness to larger depth; for the sample exposed at 450 K all the way down to the end of the probed range of 2000 nm.
There is a notable difference between low-and high-temperature exposures: in high-temperature exposures the increased values of hardness approach those of the reference sample at shallower depths than in lowtemperature exposures. The difference is especially noticeable for long exposures (20 shots): by ~1800 nm depth, the hardness of the sample exposed at 450 K has reached the reference value, while the hardness of the sample exposed to the same fluence at 650 K is above the reference value over the whole probed depth range of 2000 nm. However, the maximum values of increased hardness, in the very near-surface region, are essentially identical for both exposure temperatures, as well as for both exposure fluences.
Similar measurements were performed on recrystallized grains. Fig. 6 presents the comparison of the corresponding depth dependences of hardness for different fluences and temperatures. Hardness increases after plasma exposure; and the difference between the reference and exposed samples is more pronounced than in the deformed grains. However, here the plasma-affected zone seems to extend to much larger depths. In both 1 and 20 shots exposures, both in low-temperature and high-temperature exposures, the plasma-affected zone extends beyond the measurement range of 2000 nm, with the factor of 20 increase of fluence leading to only marginal increase in hardness throughout the whole measurement range in 450 K exposure; increase of hardness with fluence in 650 K exposure is more pronounced. Again this implies that the plasma-affected zone is much wider than the maximum probed range, so that the region where the difference between different fluences appears is too deep to be observed.
Fig. 6
It is known that irradiation of tungsten by ions, including protons, leads to hardening [21] [12] [22] . However, in such experiments, the ion energy is typically in the range from tens of keV to tens of MeV, while the ion flux is rather low, of the order of ~10 . Such high energies produce displacement damage in the form of vacancy clusters and dislocation loops, whose interaction with moving dislocations leads to hardening [23] . In the experiments reported here, the ion energy was ~50 eV, much lower than that required to create displacement damage in tungsten by deuterium ions (~940 eV [24] ). On the other hand, the ion flux is much higher -~10 24 m -2 s -1 -than in typical high-energy experiments. Present findings are consistent with those reported in [25] , where implemented experimental conditions were similar. Deuterium is extremely mobile in tungsten, even at room temperature (the generally accepted value of Frauenfelder diffusivity is 4.1×10 -7 exp(-0.39/kT) m 2 s -1 [26] ). Thus during the exposure its depth distribution is not determined by the implantation depth of the primary ions, but rather by thermal diffusion following implantation, thermalization and neutralization of deuterium ions. The diffusion depth profile is governed by Fick's second law with the boundary condition of constant surface concentration [27] , that is
where C is concentration, x depth, t time, C0 constant surface concentration, with characteristic diffusion depth λ determined as
where D is diffusivity, which in turn is determined as
where D0 is pre-exponential factor, Eact is activation energy for diffusion, and T temperature. Thus, diffusion depth scales both with temperature and with time duration. This can be correlated with the changes of depth dependences of hardness with changing exposure duration ( Fig. 5 and Fig. 6 ). The increase of exposure duration (or fluence) leads to the increase of the width of plasma-affected zone. This can be interpreted as hardness increase in the region where deuterium is present, and thus when deuterium reaches deeper due to thermal diffusion, the region of increased hardness is wider as well. Notably this hardened region is not associated with the implantation depth: according to SRIM calculations [28] , implantation depth at 50 eV is in the order of 2 nm, which is incomparable with the width of plasma-affected region. It can be seen as if the diffusing deuterium hardens the tungsten matrix as it moves into the material. This can also be compared to measurements of depth distribution of plasma-induced modification measured by monitoring the enhancement of deuterium retention by plasma exposure [29] . Exposure of tungsten by deuterium plasma at conditions similar to those used in this study results in a zone of enhanced retention at least 8 µm deep.
Hardening must be associated with generation of crystallographic defects [30] . Since deuterium creating a zone of enhanced hardness is thermalized, this cannot be attributed to displacement damage. Instead, a mechanism involving the formation of defects, such as dislocations or dislocation loops, due to the supersaturation of solute deuterium (such as proposed in [31] ), can be suggested.
The drop of increased values of hardness with depth occurs more slowly in the recrystallized grains, which indicates that the plasma-affected zone is wider in them. This indicates that diffusion transport of deuterium is different in recrystallized and deformed grains. It is known that crystallographic defects with binding energies for hydrogen isotopes that is higher than diffusion activation energy can operate as trapping sites [32] . The presence of such trapping sites hinders diffusion reducing effective diffusivity [33] [34]:
where Deff is effective diffusivity, ct concentration of traps and Eb binding energy of traps. It has been shown that in tungsten dislocations can act as trapping sites for diffusing deuterium [35] . Since recrystallized grains have less internal structure, in particular lower density of dislocations, and since according to equations 4 and 5 effective diffusivity is higher when concentration of traps is lower, it is reasonable to assume that in such grains deuterium trapping is less efficient and therefore effective diffusivity higher; as a result, diffusion depth for a given exposure time and temperature is higher as well.
These findings can be compared to those presented in [19] , where results of nanoindentation measurements were performed on single crystal tungsten exposed to deuterium plasma and no influence of plasma exposure on hardness was observed. This indicates that exposure conditions used in the present study result in the generation of noticeable plasma-induced modification, while those used in [19] [19] . Thus, observed discrepancy in hardness might be explained by the "flux effect" reported in [36] , which manifests itself in the generation of plasma-induced defects being active at high-flux exposure conditions and almost non-existent at low-flux conditions.
Detailed measurements of hardness in the near-surface region of the reference samples feature a high spike in the depth range of~50 nm, for both recrystallized and deformed grains. Comparison with corresponding loaddisplacement curves indicates that it is associated with the occurrence of pop-in. This reveals a fundamental difference between reference and plasma-exposed samples, in addition to general hardening. Fig. 7 compares the unexposed and exposed samples, showing that while the unexposed samples feature a high spike in the range down to ~50 nm, exposed ones do not, and thus plasma exposure suppresses a near-surface pop-in. This is similar to the effect of low-flux plasma exposure reported in [19] and high energy tungsten ion and helium ion irradiation [12] . Such pop-ins are attributed to defect generation during the indentation process, in particular to homogeneous nucleation of dislocation loops under the indenter tip. Thus, it can be concluded that plasma exposure suppresses this nucleation. This can be explained by the additional difficulty of generation of additional dislocation structures in the presence of higher dislocation density resulting from plasma-induced hardening. Prior to such pop-ins the material response is fully elastic, suggesting that the onset of permanent plastic deformation is easier in the plasma exposed material while the material itself being harder.
Fig. 7
Orientation dependence of hardness was studied for plasma-exposed samples as well, in order to determine whether any orientation effect emerges as a result of plasma exposure. It should be noted that plasma exposure strongly degrades the quality of the recorded diffraction patterns. This is demonstrated by the example of Fig. 8 , which presents the comparison between the patterns in the parts of the exposed and unexposed (due to being covered by the clamping ring) regions of the same grain. It is evident, however, that even after the plasma exposure pattern quality is still sufficient to perform indexing and determine orientation (and internal misorientation) of the grains.
Fig. 8
Since the effects of plasma exposure are the strongest near the surface (see Fig. 5 and 6 ), near-surface values of hardness were used. Fig. 9 compares the values of hardness averaged over the 300 -400 nm depth range for the reference and plasma-exposed sample (20 reference plasma shots -~10 27 m -2 accumulated fluence, 450 K), plotted as a function of grain normal orientation and of misorientation factor. Hollow symbols denote the lowmisorientation locations, filled symbols correspond to high-misorientation locations. In reference samples, in this depth range there appears a certain dependence of hardness on orientation, especially noticeable in low-hardness recrystallized grains. For such grains, hardness of the areas with surface normal close to <111> appear to be the lowest, ~4.9 GPa, whereas areas close to <001> have the highest hardness of ~5.5 GPa. Unlike the reference sample, in the exposed one there is still no orientation dependence of hardness.
Fig. 9
In order to determine the impact of plasma exposure on local plasticity, profilometry measurements of pileup were performed on the indents paced in deformed and recrystallized grains with surface normal close to <111>, <101> and <001>, of the exposed samples. Fig. 10a presents the results of profilometry of 400 nm deep indents made in deformed grains in the sample exposed to 1 shot at 450 K. The orientation dependence of pile-up is still noticeable, with <001> orientation featuring the highest pile-up, and <111> the lowest, but in general pile-up in the exposed sample is significantly suppressed compared to the reference. In particular, grains with <111> surface normal feature essentially no pile-up at all, compared to ~40 nm pile-up around the indent of similar depth in analogous grain of reference sample. Other orientations feature smaller heights of pile-up as well, values for <101> grain being reduced from ~60 to ~30 nm, and for <001> from ~80 to ~40 nm. Fig. 10b presents a similar comparison for recrystallized grains. They feature lower pile-up as compared to deformed ones, as was the case also with reference samples. In grains with both <111> and <101> surface normal pile-up is completely suppressed; in grains with <001> height of pile-up is ~40 nm for 400 nm deep indent, close to the original value for the reference sample.
Fig. 10
As shown by Oliver and Pharr [37] the degree of pile up around indentations in metals depends on the ratio of modulus to hardness (E/H) and the capacity of the material to work harden. Generally, a larger value of E/H suggests more significant pile up, and the more capacity a material has to work-harden the lower the degree of pile up. The changes seen in this tungsten between recrystallized and deformed grains and between materials that has been exposed to plasma or not show exactly this. The unexposed tungsten showed more pile up in the deformed grains which had a lower E/H ratio than the recrystallized grains which have a higher E/H ratio. This is due to the lower work hardening capability of the deformed grains which results in a more constrained plastic zone and thus more pile up even though it has the lower E/H ratio. As can be seen in Fig. 6 the hardness of the tungsten increases by 1 GPa after exposure to 20 plasma shots. This represents a change E/H ratio from 66 to 57 (assuming 400 GPa modulus of tungsten), with a corresponding decrease in the observed pile up.
Summary
The main experimental observations reported in this paper can be divided into ones related to the properties of the reference material and the effects of heat treatment, and ones related to the effects of plasma exposure, and summarized as follows:
Properties of the reference material:
(1) There is a grain dependence of bulk hardness in partially recrystallized tungsten. However, it is not directly related to the grain orientation. Rather, it depends on whether a grain is recrystallized or not, reflected in the corresponding value of the misorientation factor. Values of misorientation factor below ~1º lead to hardness values of ~4.3 GPa while those above ~1º -to hardness values of ~5.5 GPa. (2) There is a grain dependence of pile-up in tungsten. In partially recrystallized material, it is influenced by both general grain orientation and on annealing state of the grain. Grains with <111> surface normal orientation feature the least pile-up, while grains with <001> orientation the most. In general, pile-up is suppressed in recrystallized grains as compared to the deformed ones.
Effects of plasma exposure:
(3) High-flux deuterium plasma exposure leads to hardening. The difference between the values of hardness for reference and exposed samples is highest close to the surface and decreases into the bulk. The width of plasmaaffected zone increases with the increase of exposure temperature and fluence -that is, it can be correlated with the increase of diffusion depth. This suggests that hardening is associated with the propagation of diffusing deuterium during the plasma exposure. (4) Dynamics of plasma-induced hardening is different for deformed and recrystallized grains. In recrystallized grains the increased values of hardness drop to the reference values much slower, that is the plasma-affected region is broader. This correlates with the fact that diffusivity is higher in recrystallized grains, so that during the exposure deuterium can propagate deeper into the material. Load, mN Displacement, nm Plasma-exposed sample Reference sample Fig. 8 Typical EBSD map of the vicinity of the boundary between exposed and unexposed (covered during the exposure) regions of a sample; boundary is denoted by the dashed line. Diffraction patterns correspond to the locations (denoted by arrows) within the same grain: its unexposed (right) and exposed (left) parts. Fig. 9 Dependence of hardness for reference and plasma-exposed samples, averaged over the depth range of 300 -400 nm, on (a) crystallographic orientation and (b) misorientation factor. 
